In press -Drug and Alcohol Dependence Abstract Background: Substance use problems are often characterized by dysregulation in reward sensitivity and inhibitory control. In line with this representation, the goal of this investigation was to determine how substance abuse tendencies among university students affect incentivized response inhibition. Additionally, this study examined whether striatal dopamine moderates the impact of substance use on response inhibition performance.
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problematic substance use behaviors who use various types of substances (alcohol, cannabis, stimulants, polysubstance use, etc.) , rather than one particular drug. As a transitional period to adulthood, college is often when individuals begin to engage in maladaptive substance use behaviors (Lipari & Jean-Francois, 2016) . Through this sample, we can assess how inhibitory control can be altered in individuals who may be at risk for developing advanced substance use trajectories. This work may therefore help distinguish cognitive indicators of risk for developing substance abuse problems compared to consequences of substance abuse for a specific drug. Secondly, this experiment uniquely seeks to determine how variation in striatal dopamine may moderate the relationship between substance abuse tendencies and incentivized response inhibition. In reward contexts, variation in striatal dopamine levels, as operationalized by spontaneous eyeblink rate, has been shown to affect learning of action-outcome contingencies during decision-making in substance users. Specifically, the negative effect of substance abuse on reward learning is most pronounced among those with low striatal dopamine levels . Based on this work, we considered the possibility that variation in striatal dopamine may also alter the interaction between reward and inhibitory control in individuals with substance abuse tendencies. When rewarding inhibitory control, however, the "action" in actionoutcome contingencies is to inhibit one's response, and thus take no action, in order to receive the reward outcome. While both of these decision-making and incentivized response inhibition paradigms rely on learning such action-outcome contingencies, they serve distinct cognitive functions and are mediated by different neural processes (e.g., Bechara, 2005; Chambers et al., 2009; Fellows, 2004) . Thus, it is unclear whether an interaction between striatal dopamine and substance abuse tendencies would affect response inhibition.
Current Study
The present investigation was designed to compare reward and inhibition demands and their relationship with substance use problems. The Externalizing Spectrum Inventory (Patrick et al., 2013) was employed to assess substance abuse tendencies. The scale also includes a measure of disinhibition, although prior work does not show a relationship between disinhibition and response inhibition (Aichert et al., 2012; Lijffijt et et al., 2004; Roberts, Fillmore, & Millich, 2011; Wilbertz et al., 2014) . This study incorporated a reward incentive component into a classic inhibitory control task: the Stop Signal Task. The SSRT measure from this task provides an estimated duration of the time that it takes to inhibit this response, such that longer SSRTs are indicative of poorer inhibitory control.
To assess whether striatal dopamine would influence the relationship between substance abuse tendencies and incentivized response inhibition, we utilized spontaneous eyeblink rate (EBR). Evidence from numerous research studies has demonstrated that EBR provides an indirect physiological index for striatal tonic dopaminergic functioning (e.g., Cavanagh et al., 2014; Elsworth et al., 1991; Groman et al., 2014; Jutkiewicz & Bergman, 2004; Kaminer et al., 2011; Karson, 1983; Taylor et al., 1999) . Specifically, previous research has established that faster spontaneous EBR corresponds to elevated tonic dopamine levels in the striatum (Colzato et al., 2009; Karson, 1983; Taylor et al., 1999) and is correlated with dopamine D2 receptor density in the ventral striatum and caudate nucleus (Dreyer et al., 2010; Groman et al., 2014; Slagter et al., 2015) . Furthermore, a recent review concluded that EBR consistently predicts individual differences in performance on dopamine-dependent tasks (Jongkees & Colzato, 2016) . Previous studies have observed that substance abuse problems are generally associated with lower EBRs (Colzato, van den Wildenberg, & Hommel, 2008; Mathar et al., 2018) . However, it should be noted that two recent studies using Positron Emission Tomography (PET) did not find a strong positive link between EBR and dopamine activity (Dang et al., 2017; Sescousse et al., 2017) . Thus, in line with prior studies, we use EBR as an indirect proxy for dopaminergic activity while acknowledging some uncertainty regarding the link between EBR and striatal tonic dopamine levels. Elevated dopamine levels were operationalized as faster EBR.
Based on prior work, it was predicted that greater substance abuse tendencies would be associated with poorer response inhibition, as indicated by slower SSRTs, in the standard Stop Signal Task. Furthermore, prior research shows that reward incentives can alter inhibitory control in substance users and variation in striatal dopamine influences the relationship between substance abuse tendencies and reward learning . Based on this work, we expected a crossover interaction between substance use and striatal dopamine levels to predict incentivized response inhibition performance. Specifically, individuals with high substance abuse tendencies and high dopamine levels may exhibit faster SSRTs, indicative of better inhibitory control, for rewarded responses compared to unrewarded responses. In contrast, individuals with high substance abuse behaviors and low dopamine levels were expected to have significantly poorer inhibitory control performance (slower SSRTs) when there was a reward offered for correct inhibition relative to when there was not a reward offered. Previous research findings suggest that individuals with low dopamine levels and high substance abuse tendencies are motivated by immediate rewards, even when it leads to a greater effort cost or maladaptive long-term performance . Thus, in an effort to obtain immediate rewards, these individuals may also be more likely to risk an associated response time "cost," as indicated by slower SSRTs, when rewards are provided for correct inhibition.
Method 2.1 Participants
Ninety-eight undergraduate students (62 females; age range 18 -23; Mage = 19.31, SDage = 1.13) completed the study for partial course credit in their introduction to psychology course. Three percent of participants reported regular, daily cigarette smoking. In addition, 70% reported regular use of alcohol, 51% reported recreational marijuana use, 5% reported hallucinogen use, and 4% reported sedative use. In this within-subjects design, all participants completed both the standard and reward phase of the Stop Signal Task.
Measures
2.2.1 Externalizing Spectrum Inventory-Brief Form. In order to measure trait Disinhibition and Substance Abuse, the 20-item Disinhibition and 18-item Substance Abuse subscales of the Externalizing Spectrum Inventory-Brief Form (ESI-BF) were administered (Patrick et al., 2013) . The Disinhibition subscale measures one's general proclivity for externalizing problems, characterized by tendencies toward reckless and impulsive behavior (Krueger et al., 2007) . The Substance Abuse subscale measures problematic use of drugs and alcohol. For both scales, participants responded on a 4-point Likert scale from 1 (True) to 4 (False), and items were subsequently reversed scored so that higher scores reflect higher degrees of Disinhibition or Substance Abuse. Both subscales have shown strong validity to relevant criterion measures (Patrick & Drislane, 2015) . In the present sample, both the Disinhibition (α = .93) and Substance Abuse (α = .94) subscales exhibited very high internal consistency.
Spontaneous Eyeblink Rate (Tonic Dopamine Index).
Following approaches from prior research (e.g., Byrne et al., 2015; Colzato et al., 2009; Hua & Kerns, 2018; Jongkees & Colzato, 2016; Korponay et al., 2017) , we utilized electrooculogram (EOG) recording to measure spontaneous eyeblink rate (EBR) as an indirect proxy for available levels of striatal tonic dopamine. The procedure described by Fairclough & Venables (2006) was 6 followed to record EBR. Vertical eyeblink activity was collected by attaching Ag-AgCl electrodes above and below the left eye; a ground electrode was placed on the forehead. All EOG signals were filtered at 0.01-10 Hz and amplified by a Biopac EOG100C differential cornealretinal potential amplifier. Eyeblinks were defined as phasic increases in EOG activity of >100 μV and occurring within intervals of 400ms or less over the recording interval. Eye blink frequency was both manually counted and derived using BioPac Acqknowledge software functions, which calculated the frequency of amplitude changes of greater than 100μV, but not duration differences, to best ensure valid results. The manual EBR results and BioPac Acqknowledge automated EBR results were strongly positively correlated, r = .97, p<.001. Manual EBR was used for all statistical analyses reported below.
Furthermore, previous work demonstrates that spontaneous EBR can be affected by diurnal fluctuations in evening hours (Barbato et al., 2000) . Therefore, all recordings were performed between 10:00am to 5:00pm. A black fixation cross ("X") was displayed at eye level on a wall placed one meter from where the participant was seated. Participants were instructed to gaze at the fixation cross for the duration of the recording and avoid moving or turning their head. Eye blinks were recorded for six minutes under this basic resting condition. Each participant's EBR was quantified as the average number of blinks per minute over the 6-min recording period.
Stop Signal Reward Task.
In the first phase of the task (Figure 1a ), participants performed a standard stop signal task that allows for testing individual differences in the ability to voluntarily inhibit an ongoing motor response (Logan & Cowan, 1984; Logan et al., 1997; Moreno et al., 2012) . The stimuli presented were left or right arrows. In line with instructions given in previous research (Congdon et al., 2012) , on Go trials (green arrows), participants were instructed to respond as quickly as possible, while keeping in mind that a red arrow may appear occasionally, by pressing the left arrow key when the arrow faced leftward and the right key when the arrow faced rightward (see Appendix for exact instructions). If the arrow turned red after the original arrow was presented, then participants were instructed to inhibit their response on that trial. The red arrow cue was presented at 200ms, 300ms, or 400ms (randomly varied) after the original arrow was presented. Participants had up to 2 seconds to respond on each trial. The inter-trial interval (ITI) varied between 700ms, 1000ms, or 1300ms (randomly varied) after the end of the previous trial and appeared as a white fixation cross, which was shown for 1 second.
In the second phase of the task (Figure 1b) , participants received instructions that they would now have an opportunity to earn a monetary bonus of up to ten dollars based on their performance in the rest of the task. They were told that the bonus was based on both how quickly and accurately they responded on Go trials and how accurately they responded on stop trials. Instructions also indicated that if they responded too slowly or made too many mistakes on Go trials, then they may not receive a bonus even if they correctly stopped their response on stop trials. In reality, however, half of the Stop trials were accompanied by a reward of $0.50 for correct inhibition. The reward feedback was presented immediately before the ITI screen for 1 second. The probability of each trial being a Go trial was 75%, and the probability of a Stop trial was 25%. Stop signal reaction times (SSRTs) were measured for each phase separately. The SSRT measure provides an estimated duration of the time that it takes to inhibit this response, such that longer SSRTs are indicative of worse inhibitory control. To compute SSRT, the integration approach was employed (Verbruggen & Logan, 2009) . In this approach, the Go trial reaction times are rank ordered. Then, the average unsuccessful stop trials, or errors, are 
Procedure
After providing informed consent, participants began the session with a 6-min assessment of EBR. Participants then completed demographics questionnaires (gender and age), the ESI-BF Disinhibition and Substance Abuse subscales, and then completed 12 (~75% Go trials, ~25% Stop trials) practice trials of the standard stop signal task. Participants completed 200 trials (~75% Go trials and ~25% Stop trials) of the standard stop signal phase, and 200 trials of reward 8 phase of the task (~75% Go trials and ~25% Stop trials). Upon completion of the study, participants received their monetary bonus and were debriefed about the nature of the study.
Data Analysis
The independent variables were specified as Substance Use and EBR and the dependent measures were specified as overall SSRT on the Unrewarded and Rewarded Phases of the Stop Signal Task. Given previous research showing associations with the predictor variables (e.g., Nederkoorn et al., 2009; Patrick et al., 2013) , Disinhibition, Age, Gender, and Cigarette Smoking Status were included as covariates. In line with previous research using the ESI-BF and/or eyeblink rate as predictor variables (Byrne, Patrick, et al., 2016; Byrne et al., in press; Meehan et al., 2013; Nelson et al., 2016; Sellbom et al., 2016) , we performed regression analyses to test our a priori hypotheses. Many taxometric analyses suggest that substance abuse and dependence can be conceptualized along dimensions of severity and allow for capturing greater variability in substance use symptoms than categorical approaches (e.g., Helzer, Van Den Brink, & Guth, 2006; Krueger et al., 2004; Slade, Grove, & Teesson, 2009) . By examining substance abuse on a continuum, rather than a taxonomy, we can better capture broad variability in substance abuse tendencies in our sample.
To test the prediction that substance abuse tendencies would be associated with poorer response inhibition on the standard Stop Signal Task, a hierarchical regression was conducted with the independent variables predicting Unrewarded Phase SSRT, controlling for the four covariate variables. We expected a main effect of Substance Use predicting Unrewarded SSRTs, indicative of poorer inhibitory control. Additionally, to assess the hypothesis that the effect of Substance Use on incentivized response inhibition would depend on variation in striatal dopamine, we conducted a regression analysis for Rewarded Phase SSRT, controlling for Disinhibition, Age, Gender, and Cigarette Smoking Status 1 . We anticipated that a significant interaction between Substance Use and EBR would emerge. This data is available on the Open Science Framework (https://osf.io/rq98e/).
3. Results 3.1 Descriptive Statistics. Individual EBRs ranged from 2.50 to 40.80 blinks/min (M = 14.73, SD = 8.52). Females (M = 16.11, SD = 9.06) displayed significantly higher EBR scores than males (M = 12.36, SD = 7.00), t(96) = 2.14, p = .04. Scores on the ESI-BF Disinhibition subscale ranged from 1 to 33 (M = 11.77, SD = 6.45) and the range of scores on the ESI-BF Substance Abuse subscale ranged from 0 to 51 (M = 16.54, SD = 13.45).
2 Correlations between all variables are presented in Table 1 .
1 Similar regression analyses were conducted with Stop trial accuracy as the outcome measure. However, no significant main effects for Substance Use or EBR or interactive effects were observed in either the unrewarded or rewarded phases. 2 We note that the distribution for the Substance Abuse scale data is positively skewed, as has been previously observed with college-aged sample populations . However, when samples with scores more than 2.5 standard deviation units above the mean are excluded, the pattern of statistically significant results remains the same. While there was a numerical trend for SSRTs in which performance in the rewarded phase was faster than in the unrewarded phase, no significant difference emerged, p = .18.
Regression Analyses

Regression Analysis for SSRT in the Standard (Unrewarded) Stop Signal Phase.
A hierarchical regression analysis was performed for SSRT in the unrewarded portion of the task. Disinhibition (p = .58), Age (p = .23), Gender (p = .12) and Cigarette Smoking Status (p = .91) were entered as covariates in the first step of the model but were nonsignificant. In the second step of the model, the first-order factors were entered. There was no significant effect of Substance Use (β = 0.15, p = .20) or EBR (β = -0.08, p = .46). The omnibus test was not significant at this step, p = .29. Similarly, when added in the last step of the model, the interaction term did not significantly influence SSRT, p = .71.
Regression Analysis for Rewarded Phase
SSRT. An additional hierarchical regression was performed for SSRT in the rewarded phase. In the first step of the model, the covariates Disinhibition (p =.32), Age (p = .26), Gender (p = .27), Cigarette Smoking Status (p = .43), and unrewarded phase SSRT (β = 0.69, p <.001) were added, R 2 =.50, F(5, 92) = 18.21, p <.001. In the second step, the first-order terms were entered (Substance Use and EBR). However, neither of the first-order predictors (ps >.10) were significant, ∆R 2 =.02, F(2, 90) = 1.60, p =.26. In the last step of the model, the EBR X Substance Use interaction was added, ∆R 2 =.04, F(1, 90) = 7.61, p <.01. At this step, the EBR X Substance Use interaction term (β = .49, p <.01) was a significant predictor of SSRT in rewarded phase. Figure 2 shows simple regression lines for the effect of substance abuse scores on the SSRT difference measure at (a) the mean for striatal dopamine, (b) one standard deviation above the mean for striatal dopamine, and (c) one standard deviation below the mean for striatal dopamine. Striatal dopamine and substance abuse variables were centered prior to creating the centered interaction terms. The simple regression slope coefficients when centered at the mean (β = .10, p = .36) and at one standard deviation above the mean (β = -.08, p = .49) were not significant, but the simple regression slope coefficient centered at one standard deviation below the mean significantly predicted SSRT in the rewarded part of the stop signal task, β = .35, p < .01. At low levels of striatal dopamine, individuals with higher substance abuse tendencies had slower SSRTs in the rewarded part of the task. This result suggests that striatal tonic dopamine moderates the effect of substance abuse tendencies on incentivized inhibitory control. Specifically, individuals reporting high levels of substance use with low striatal tonic dopamine were slower, indicative of poorer cognitive control, in inhibiting their responses on Stop trials in the rewarded phase of the task.
4. Discussion It was predicted that variation in striatal dopamine levels would differentially impact the role of substance use on incentivized response inhibition. This hypothesis was partially supported. The results revealed that individuals with high substance abuse tendencies and low striatal tonic dopamine showed deficits in SSRTs, and thus inhibitory control, in the rewarded phase of the task. Although it was also predicted that individuals with high substance abuse tendencies and high EBR would show enhanced response inhibition performance in the presence of rewards, this effect was not observed. Our findings show that the relationship between substance abuse tendencies and reward-based response inhibition is specific to individuals with low EBR.
Although previous research has found that substance abuse is associated with poorer response inhibition (e.g., Monterosso et al., 2005; Moreno et al., 2012; Rubio et al., 2008; Smith , 2014) , our results showed a positive, but ultimately nonsignificant relationship between substance abuse tendencies and response inhibition on the standard stop signal phase of the task. One potential explanation is that our study focused on problematic drug and alcohol use behaviors, rather than clinical levels of drug addiction or dependence. Additionally, previous work demonstrates that heavy alcohol users exhibit better inhibitory control when a reward is provided for correct response cancellations compared to non-rewarded responses . Our results are consistent with this research, although we observe this effect only in individuals with high levels of substance abuse tendencies and low EBR levels. Thus, these results suggest the possibility that impaired response inhibition for unrewarded cues may be a consequence of general substance abuse tendencies, rather than a predictor of it. While, in contrast, impaired response inhibition for rewarded cues specifically may represent a predictor of substance abuse problems, particularly in individuals with low striatal dopamine levels. Our findings are in line with previous research showing that substance abuse tendencies lead to poorer reward-based outcomes in those with low levels of EBR . The observation that this association is only found in individuals with lower striatal tonic dopamine levels offers unique insight into the relationship between substance abuse and dopaminergic functioning. Specifically, the negative relationship between substance abuse tendencies and incentivized response inhibition may be particularly robust in individuals with diminished striatal tonic dopamine. Rather than reward incentives improving cognitive control, as has been observed in healthy adults (Boehler et al., 2012; O'Connor et al., 2012) , the presence of monetary rewards slowed performance in this group, resulting in slower response inhibition.
One explanation for these results is that in contexts when there is a competition between immediate rewards, such as the positive feelings drug use elicit, and inhibitory control, such as trying not to use drugs, these individuals with low EBR may have greater difficulty in inhibiting the urge or desire to use. Outside of reward contexts, individuals with substance abuse problems may not show substantial deficits in inhibitory control. However, in contexts where rewards (like drugs) are at stake, individuals with low tonic dopamine may be more motivated to attain the reward at the expense of inhibitory control processes. When rewards are provided for correct inhibition, this group may be more likely to risk a response time "cost," in an attempt to acquire a reward. Thus, the potential for reward may essentially "backfire" in this group: when there is a competition between reward and inhibitory control, dopamine involved in reward processing overrides inhibitory control mechanisms. One possible mechanism to account for this behavior is that the dopaminergic system becomes increasingly sensitized to reward cues as individuals transition into compulsive drug use (Robinson & Berridge, 1993) . This dopaminergic sensitization may lead to heightened responses to reward cues, which may then account for the decreased inhibitory control in the presence of reward cues observed in this study. As a result, individuals with substance abuse tendencies and low dopamine may be less successful in attaining the rewards that motivate them and have greater difficulty in inhibiting their responses.
Alternatively, it is possible that substance users with low EBR showed deficits in the rewarded phase because they are hyposensitive to rewards; this possibility is consistent with the reward deficiency hypothesis, which proposes that diminished sensitivity to natural rewards can predispose individuals to engage in drug seeking behaviors (Blum et al., 1996) . Molecular and genetics research shows that this blunted sensitivity is mediated by hypodopaminergic function, and specifically a deficiency of D2 receptors (Comings & Blum, 2000) . Drug users with low EBR, and consequently low dopamine, may be less motivated to attain monetary rewards. Thus, it is plausible that responses were slower because these individuals were either distracted by the 12 possibility of reward or because they are hyposensitive to monetary rewards. Given the observed deficits in incentivized response inhibition for substance users with low dopamine, these results underscore the importance of future research aimed at increasing striatal dopamine function in individuals with substance abuse problems. Though speculative, such work may have implications for reducing risk for substance abuse problems or potentially reducing craving.
4.1 Limitations. In generalizing these results, it should be noted that the purpose of this study was primarily to examine individual differences in substance abuse tendencies in the general college-aged population, and not to characterize individuals with Substance Use Disorders. It is possible that more advanced drug use trajectories, such as addiction or dependence, may be associated with different inhibitory control patterns than those observed in our college student sample. Additionally, spontaneous eyeblink rate has been characterized as an indirect physiological index of striatal tonic dopamine levels, and thus inferences should be made with caution. Finally, we did not control for sleep deprivation or recent use of substances or stimulants, which could alter blink rates, in this study. Furthermore, within our within-subjects design, all participants completed the standard, unrewarded phase of the Stop Signal Task first followed by the rewarded phase. One drawback of this design is that it is difficult to disentangle learning or order effects from the rewarded and unrewarded response inhibition results. Future work should consider examining how substance abuse influences learning of reward-dependent inhibition responses from unrewarded responses.
Conclusion
The findings of this study advance research on substance abuse by demonstrating that the presence of reward hinders response inhibition in individuals with substance abuse tendencies. Critically, however, this deficit in inhibitory control is specific to substance users with low eyeblink rate. The prospect of potential rewards obstructs the recruitment of effective inhibitory control resources, resulting in poorer response inhibition. Although substance abuse is often characterized by increased reward sensitivity and poorer response inhibition, providing rewards for good response inhibition performance appears to create a 'catch-22' situation. In individuals with substance abuse tendencies and low dopamine, the potential reward for correction response inhibition exerts the opposite of the desired effect-resulting in both diminished inhibitory control and decreased success in obtaining the sought-after rewards.
